Background
==========

Malaria is endemic in many parts of Vietnam and up until the 1990s was a major public health problem. Since then a concerted effort by the government through the distribution of insecticide-treated nets and wide spread availability of artesunate treatment has significantly reduced transmission \[[@B1]-[@B3]\]. Much of the morbidity and mortality that now remains is associated with forest malaria in the central highland regions of the country where *Anopheles dirus*, an efficient vector of malaria, is common \[[@B4]-[@B6]\].

While the control of *An. dirus*and forest malaria is a significant problem for Vietnam there are still many rural areas throughout the country where, though the land has been cleared for cultivation and *An. dirus*is uncommon, malaria still persists. In these deforested areas, in the absence of *An. dirus*, other species - *Anopheles minimus*s.l., *Anopheles aconitus*, *Anopheles maculatus*s.l., and *Anopheles sinensis*- have been considered responsible for malaria transmission. However there is little published data confirming the identification of these species or their distribution and thus there is little known about their ecology, behavior and the vectorial status.

Acquiring the relevant epidemiological information pertaining to these species and confirmation of their role in transmission has been impeded by the presence of cryptic species within many of the suspected vector taxa. This has recently been resolved for a number of these complexes and reliable molecular techniques are now available allowing the accurate identification of the various complex members. Molecular based techniques have been developed for the identification of members of the *An. dirus*\[[@B7],[@B8]\], *An. minimus*\[[@B9]\], *An. maculatus*\[[@B10]\], *Anopheles annularis*\[[@B11]\], and *Anopheles sundaicus*\[[@B12]\], groups and complexes and thus it is now possible to conduct field studies to determine their distribution, ecology, behavior, and role in malaria transmission.

Truong Xuan Commune in Quang Binh Province (north central Vietnam) is typical of many rural communities in Vietnam where the forest surrounding the villages has been cleared for timber and cultivation, the primary malaria vector - *An. dirus*- is uncommon yet a low level of malaria persists throughout the year. Transmission occurs within the village, and while some forest still remains on the surrounding hills no agricultural activities occur there. These forests are only visited for the purposes of timber cutting, hunting, and food gathering; these transient activities do not allow the existence of forest malaria \[[@B6]\]. In Truong Xuan little is known about the vectors of malaria, to resolve this, entomological surveys were conducted in two villages in the Commune over the period 2003-2007; the findings of these surveys are reported here.

Methods
=======

Study site
----------

Truong Xuan Commune in Quang Binh Province is located 17° 17\'N and 106° 37\'E, and is approximately 500 km south of Hanoi. The commune consists of several villages, including the two study sites: Hang Chuon village (26 houses, population approximately 100) and Khe Ngang village (48 houses, population approximately 200). These two villages are 15 km inland and lie in a river valley (17 m above sea level) surrounded by limestone mountains. Hang Chuon and Khe Ngang are 2 km apart and separated by mountains, but connected by a narrow pass. A river flows through this pass and through both villages. The river is fed by numerous small streams which are slow flowing even in the wet season but are reduced to small interconnected pools in the dry season. The climate of the region is tropical monsoon with distinct wet and dry seasons. The area receives about 1,960 mm of rain per annum (median for 1993-2002) with 70% occurring during the wet season from August to December; rain during this period can be intense and cause local flooding. Mean temperatures (mean of max/min over 10 yr) range from 17.1°C in February to 29.7°C in July.

Hang Chuon is slightly undulating, around both villages the original forest has been cleared for cultivation, which consists mainly of cassava, corn, and melons; rice is grown around Khe Ngang. A variety of blood sources exist for mosquitoes and while all households have dogs and chickens the larger blood sources are humans, cattle, and buffalo. Cattle and buffalo free range during the day, when not used for work, but at night are penned or tethered near the owner\'s house (within 15 m). Most houses in Khe Ngang are rendered brick while in Hang Chuon, which appears less affluent, many of the houses are of a more traditional style, raised off the ground (1-2 m) and of very loose or open constructions with walls of woven bamboo or cane matting. Insecticide treated bed nets are provided by the government and indoor residual spraying with permethrin has been carried out once a year since 2002. The villages are serviced by the Commune Health Station which is about 6 km from Khe Ngang and 8 km from Hang Chuon. Malaria diagnosis is by blood-slide microscopy and free treatment - a seven day course of artesunate - is provided, though compliance is not observed. In the villages health workers also provide treatment for symptomatic cases.

Incidence of malaria
--------------------

The incidence of malaria was determined by passive case detection through the Commune Health Station. Diagnosis was by microscopy, based on examination of 100 thick film fields of a Giemsa-stained slide (4% and stained for 45 minutes). Positive slides were then read against 200 white blood cells (presuming 8-10 WBC/thick film field) to determine species and parasite density (parasite density was scored as: +, ++, +++, ++++). The clinic maintained comprehensive records of the name, age, sex, village, slide positivity and species of *Plasmodium*.

There is no transport system throughout the commune and while push bike and motor bike ownership is not uncommon, a visit to the Health Station could involve a walk of up to 20 km. The Commune Health Station is supported by village health workers who operate at the village level and who diagnoses and treat malaria cases based on symptoms.

Anopheline collections
----------------------

Four collection methods were employed: human landing catches (HCL); paired collections off humans and buffalo; simultaneous collections off humans, cattle, and buffalo; and larval collections. These were performed as follows.

Human landing collections were made in Khe Ngang village during the wet seasons (September - October) of 2003 and 2004 and similar HLC were carried out in Hang Chuon village during the wet seasons of 2004 and 2005. These HLC were made by four collectors in each village, all collectors worked outdoors. Each collector caught all anophelines landing on the lower legs and feet for 50 minutes each hour from 6 pm - 6 am. All catches were held in cups labelled for the hour; the mosquitoes were killed by freezing and identified the following morning.

At Khe Ngang collections were made over 27 nights over the two wet season; rain interrupted collections at Hang Chuon and the number of collection nights varied from 14 - 27 nights over two wet seasons.

Paired anopheline collections off buffalo and human baits were performed at Khe Ngang village for 10 nights over the wet seasons (September - October) of 2004 and 2005. Collections were made hourly from 6 pm - 6 am, with one collector collecting off two tethered buffalo and by one collector sitting 15 m away collecting off himself. All collections were for 50 min each hour and, for the human bait, performed as described above for the HLC. Collections from the buffalo were made by searching the surrounding vegetation (within 2 m of the animals) for resting anophelines. All mosquitoes were held separately by hour and bait type, killed by freezing and identified the following morning.

Simultaneous anopheline collections were made off human, buffalo, and cattle baits at Hang Chuon village for 14 nights during the wet season of 2006 and for 14 nights during the dry season (April - May) of 2007. The collections were made by six collectors, two collecting off cattle, two collecting off buffalo, and two collecting off themselves; the collections were made for two hours from 8 pm - 10 pm. Anophelines were collected and processed as described above.

A search for anopheline larvae was made within 1-2 km of Khe Ngang and Hang Chuon villages during the wet and dry seasons 2005-2007. All larvae collected were reared to adults and identified. A description of the oviposition site was recorded.

All specimens from the adult and larval collections were held frozen (-20°C) in the field, transported back to the laboratory on dry ice (-70°C) and stored at this temperature until being analysed for the presence of circumsporozoite protein or by PCR for species identification.

Species identification
----------------------

All specimens were identified in the field using the national key - Identification Key for *Anopheles*in Vietnam 1987 - prepared by the Institute of Malaria, Parasitology and Entomology, Hanoi.

Specimens belonging to the Hyrcanus Group, Funestus Group, Maculatus Complex, and Dirus complex were further analysed using the Internal Transcribed Spacer region 2 (ITS2) of the ribosomal DNA by either polymerase chain reaction - restriction fragment length polymorphism (PCR-RFLP) or allele-specific PCR analyses as well as DNA sequencing. For RFLP analysis, DNA was extracted, the ITS2 region amplified, digested with an appropriate restriction enzyme and the RFLP generated separated and visualized using previously described methods \[[@B13],[@B14]\]. Additional methods were used to resolve the identification of the members of the Dirus Complex \[[@B8]\], the Funestus Group \[[@B9]\], and the Maculatus Group \[[@B10]\]. All PCR-based methods for species identification were validated by DNA sequencing individuals representing each species-specific product and comparing the ITS2 sequences with those listed in GenBank.

Vector incrimination
--------------------

The head and prothorax of specimens collected off human, cattle, and buffalo baits were processed for the presence of circumsporozoite protein of *Plasmodium falciparum*and *Plasmodium vivax*using an enzyme linked immunoabsorbent assay (ELISA) and the protocol of Dr Robert Wirtz (Centers for Disease Control and Prevention, MS F42, Atlanta, GA 30341-3717, USA). Specimens were considered positive if the absorbance value recorded was twice that of the average of the negative controls and all positive samples were rerun for confirmation.

Results
=======

Malaria incidence in Truong Xuan
--------------------------------

Between 2002 and 2006, 509 malaria cases reported to the Health Station - an average of 102 per annum and indicating an annual parasite rate of 6.9% (102/1467) for the Commune. This though was likely to be an underestimate of the malaria situation as some people self medicated or were treated in the village and others who were asymptomatic or who only had mild symptoms would not travel the distance to the Commune Health Station; all these cases go unreported. Malaria does not occur evenly throughout the commune and of the several villages that make up Truong Xuan Commune the range of malaria cases was 4 to 136. Hang Chuon and Khe Ngang, two of the more remote villages, had the highest incidences of transmission making up 26.7% (136/509) and 14.1% (72/509) of the cases recorded respectively. In these two villages adult females and children (\< 9 yr) accounted for 60.3% of the malaria indicating that transmission was occurring in the villages as these inhabitants stay in the village at night.

Of the 509 cases 71.9% were *P. falciparum*and 28.1% *P. vivax*; malaria transmission occurred all year round but peaked during the wet season in the month of October (Figure [1](#F1){ref-type="fig"}).

![**Monthly rain fall data (mean of 10 years) and the mean monthly incidence of malaria (2003-2007) for Truong Xuan Commune**.](1475-2875-9-259-1){#F1}

Anopheline identification
-------------------------

Of the mosquitoes collected many were identified as belonging to complexes or groups of species which were difficult to separate using morphological characters provided in the national key. For the anophelines at Truong Xuan Commune molecular analysis redefined species composition, condensing some groups and revealing cryptic species in others.

From the collections made in Khe Ngang and Hang Chuon the following members of the Hyrcanus Group were identified by morphology: *An. sinensis*, *Anopheles peditaeniatus*, *Anopheles crawfordi*, *Anopheles nigerrimus*, *Anopheles argyropus*, *Anopheles lesteri*, and *Anopheles nitidus*(= *Anopheles indiensis*by the national key). Using the amplified ribosomal ITS2 region and digesting with the restriction enzyme Dde I, diagnostic restriction fragments length polymorphisms (RFLP) were produced that resolved these eight species to *An. sinensis*, *An. peditaeniatus*, and *An. crawfordi*(Table [1](#T1){ref-type="table"}). The ITS2 regions of individuals representing each of these species were sequenced and the sequences matched to those on GenBank confirming the species as indicated. In Khe Ngang the proportion of *An. sinensis*, *An. peditaeniatus*, and *An. crawfordi*was 92.0%, 7.6% and 0.4% respectively (n = 1,648), in Hang Chuon: 56.2%, 43.8% and 0% respectively (n = 130).

###### 

Resolution of identification by PCR-RFLP for members of the Hyrcanus Group collected in Khe Ngang village.

                        Identification by:                           
  --------------------- -------------------- ------------ ---------- --------
  *An. sinensis*        1379                 1353         24         2
  *An. peditaeniatus*   104                  40           64         0
  *An. nigerrimus*      75                   44           29         2
  *An. crawfordi*       23                   19           1          3
  *An. nitidus*         34                   33           1          0
  *An. argyropus*       11                   7            4          0
  *An. lesteri*         22                   20           2          0
  Total %               1648                 1516 92.0%   125 7.6%   7 0.4%

Three members of the Funestus Group were identified in the collections: *An. minimus*s.l. of the Minimus Complex, *An. aconitus*, and *Anopheles jeyporiensis*. Morphologically the white scaling on the apical half of the proboscis reliably identified *An. aconitus*. Following molecular analysis the majority of *An. minimus*s.l. were found to be *Anopheles harrisoni*with only a small number of *An. minimus*; of the 20 *An. jeyporiensis*collected only one belonged to this species, the remainder were *An. harrisoni*(Table [2](#T2){ref-type="table"}).

###### 

Resolution of identification by PCR-RFLP for members of the Funestus Group collected in Hang Chuon village.

                       Identification by:                      
  -------------------- -------------------- ---- ------ ------ ---
  *An. minimus*s.l.    1034                 15   1017   1      1
  *An. jeyporiensis*   20                   0    19     0      1
  *An. aconitus*       1152                 1    1      1150   0

In the national key the only member of the Maculatus Group described in Vietnam is *An. maculatus*. Of 2,121 specimens of this species collected in Hang Chuon and Khe Ngang and analysed by PCR-RFLP 47.2% were found to be *An. maculatus*and 52.8% were *An. sawadwongporni*. The restriction enzyme Hsp92 II was found to produce diagnostic RFLP for separating these two species, this outcome was confirmed by sequencing and matching to existing sequences in GenBank.

Of 63 *An. dirus*s.l. specimens analysed by PCR-RFLP all were *An. dirus*(formerly *An. dirus*A); seven specimens identified morphologically as *Anopheles takasagoensis*were also found to be *An. dirus*.

Species composition and host preference
---------------------------------------

From 2003 to 2007, 10,078 anophelines were collected off human and animal baits. Using morphology and molecular analysis 21 species were identified from this material (Table [3](#T3){ref-type="table"}). Six species: *An. sinensis*, *An. aconitus*, *An. harrisoni*, *An. maculatus*, *An. sawadwongporni*and *An. philippinensis*were the most common and accounted for 80.5% of all the specimens collected. While all species, except for some of the less common ones (\< 10 specimens collected), were collected from humans the majority (80.94%) of specimens were collected off non-human (cattle and buffalo) baits (Table [3](#T3){ref-type="table"}). Of the species common to both villages, those in Hang Chuon appeared to be more zoophilic than those in Khe Ngang (Tables [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}). Only *An. dirus*showed anthropophilic tendencies, though the numbers of this species collected in human and animal bait studies was low. *Anopheles sawadwongporni*, *An. sinensis*, and *An. maculatus*were the least zoophilic of the other species while *An. philippinensis*, *An. vagus*, *An. kochi*, *An. nivipes*, and *An. harrisoni*were strongly zoophilic (Tables [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}). In Hang Chuon village a comparison between the host attractiveness of buffalo or cattle indicated that most species preferred to feed off cattle or had no preference at all (Table [5](#T5){ref-type="table"}). Only *An. philippinensis*appeared to have a preference for buffalo but this was not statically significant (χ^2^= 3.38, P = 0.1).

###### 

*Anopheles*species and numbers collected off human and animal (buffalo and cow) baits during 2003-2007 in Khe Ngang and Hang Chuon villages.

  Species (abbreviation)       Bait   Total   \%      
  ---------------------------- ------ ------- ------- -------
  *An. sinensis*(sin)          709    1792    2501    25.01
  *An. aconitus*(aco)          171    1266    1437    14.37
  *An. harrisoni*(har)         71     938     1009    10.09
  *An. maculatus*(mac)         285    877     1162    11.62
  *An. sawadwongporni*(saw)    424    764     1188    11.88
  *An. philippinensis*(phil)   72     749     821     8.21
  *An. vagus*(vag)             8      578     586     5.86
  *An. annularis*(ann)         37     418     455     4.55
  *An. kochi*(koc)             4      326     330     3.30
  *An. peditaeniatus*(ped)     11     192     203     2.03
  *An. nivipes*(niv)           5      166     171     1.71
  *An. dirus*(dir)             111    13      124     1.24
  *An. barbirostris*(bar)      2      36      38      0.38
  *An. minimus*(min)           5      14      19      0.19
  *An. umbrosus*(umb)          0      8       8       0.08
  *An. crawfordi*(cra)         0      8       8       0.08
  *An. separatus*(sep)         0      7       7       0.07
  *An. jamesi*(jam)            2      2       4       0.04
  *An. tessellatus*(tes)       2      2       4       0.04
  *An. jeyporiensis*(jey)      0      2       2       0.02
  *An. gigas*(gig)             1      0       1       0.01
  Totals                       1920   8158    10078   100

###### 

*Anopheles*species and numbers collected simultaneously off human and buffalo baits in Khe Ngang village during the wet seasons of 2004 and 2005.

                         Bait type          
  ---------------------- ----------- ------ -------
  *An. sawadwongporni*   9           30     0.300
  *An. maculatus*        4           48     0.083
  *An. harrisoni*        2           60     0.033
  *An. sinensis*         60          1852   0.024
  *An. aconitus*         26          1163   0.022
  *An. vagus*            2           110    0.018
  *An. annularis*        6           349    0.017
  *An. kochi*            2           126    0.015
  *An. philippinensis*   6           524    0.011
  *An. dirus*            4           0      \-
  *An. nivipes*          0           8      \-
  *An. peditaeniatus*    0           41     \-
  *An. barbirostris*     0           24     \-
  *An. crawfordi*        0           8      \-

Collections were made from 6pm - 6am over 10 nights. Note AI is the anthropophilic index (human bait/animal bait).

###### 

*Anopheles*species and numbers collected simultaneously off human, cattle and buffalo baits in Hang Chuon village.

                         Bait type                           
  ---------------------- ----------- ----- ----- ----------- -------
  *An. dirus*            9           8     5     0.346       0.692
  *An. sawadwongporni*   33          528   206   70.63\*\*   0.045
  *An. sinensis*         1           28    17    1.34        0.022
  *An. peditaeniatus*    1           29    19    1.04        0.021
  *An. maculatus*        14          504   327   18.85\*\*   0.017
  *An. philippinensis*   1           93    132   3.38        0.004
  *An. harrisoni*        2           503   375   9.33\*      0.002
  *An. aconitus*         0           62    41    2.14        \-
  *An. annularis*        0           36    33    0.065       \-
  *An. barbirostris*     0           9     3     \-          \-
  *An. jamesi*           0           1     1     \-          \-
  *An. kochi*            0           129   71    8.41\*      \-
  *An. minimus*          0           6     3     \-          \-
  *An. nivipes*          0           4     4     \-          \-
  *An. tessellatus*      0           2     0     \-          \-
  *An. umbrosus*         0           0     3     \-          \-
  *An. vagus*            0           300   168   18.61\*\*   \-

Collections were made from 8pm - 10pm over 28 nights (14 nights during the wet season of 2006 and 14 nights during the dry season of 2007). Note χ^2^is a comparison of the attractiveness of cattle and buffalo for the various species of anophelines, with \* significant at P \< 0.05 and \*\*significant at P \< 0.001.

Species composition and heterogeneity between villages
------------------------------------------------------

Hang Chuon and Khe Ngang are only 2 km apart and there was no one species unique to either village. However abundance of the various species did vary. In Khe Ngang *An. sinensis*, *An. aconitus*, and *An. philippinensis*were the three most common species collected in HLC, while at Hang Chuon *An. sawadwongporni*, *An. maculatus*, and *An. dirus*were the three most common species collected in HLC (Tables [6](#T6){ref-type="table"} and [7](#T7){ref-type="table"}).

###### 

Human landing catch rates for *Anopheles*species in Khe Ngang village during the wet seasons (September - October) of 2003 and 2004.

                         Khe Ngang
  ---------------------- -----------
  *An. sinensis*         12.42
  *An. aconitus*         1.91
  *An. philippinensis*   1.01
  *An. annularis*        0.58
  *An. sawadwongporni*   0.34
  *An. harrisoni*        0.27
  *An. maculatus*        0.22
  *An. vagus*            0.20
  *An. dirus*            0.18
  *An. kochi*            0.07
  *An. nivipes*          0.07
  *An. tessellatus*      0.04
  *An. barbirostris*     0.02
  *An. minimus*          0
  *An. peditaeniatus*    0
  All species            13.55

###### 

Human landing catch rates for *Anopheles*species in Hang Chuon village during the wet seasons (September - October) of 2004 and 2005.

                         Hang Chuon
  ---------------------- ------------
  *An. sawadwongporni*   4.68
  *An. maculatus*        3.06
  *An. dirus*            1.29
  *An. aconitus*         0.69
  *An. harrisoni*        0.60
  *An. philippinensis*   0.20
  *An. sinensis*         0.19
  *An. peditaeniatus*    0.13
  *An. annularis*        0.06
  *An. minimus*          0.06
  *An. vagus*            0.06
  *An. barbirostris*     0.01
  *An. nivipes*          0.01
  *An. kochi*            0
  *An. tessellatus*      0
  All species            10.06

Seasonality
-----------

In Hang Chuon, for some species, abundance differed depending upon the season. Most species were more common in the wet season, notably *An. sawadwongporni*, *An. philippinensis*, and *An. vagus*. Whereas, *An. harrisoni*, *An. sinensis*, and to some extent *An. aconitus*were more prolific in the dry season. However, *Anopheles maculatus*, *An. dirus*, and *An. peditaeniatus*numbers appeared to be unaffected by rainfall patterns (Table [8](#T8){ref-type="table"}).

###### 

Comparison of *Anopheles*species and numbers collected off human, cattle, and buffalo baits during the wet season and dry season.

  Species                Collected in dry season   Collected in wet season   **χ**^**2**^
  ---------------------- ------------------------- ------------------------- --------------
  *An. aconitus*         65                        38                        3.539
  *An. annularis*        12                        57                        14.674\*\*
  *An. barbirostris*     11                        1                         4.167\*
  *An dirus*             10                        12                        0.090
  *An. kochi*            79                        121                       4.410\*
  *An. maculatus*        415                       416                       0.0006
  *An. sawadwongporni*   83                        651                       219.77\*\*
  *An. harrisoni*        759                       121                       232.53\*\*
  *An. minimus*          7                         2                         \-
  *An. nivipes*          5                         3                         \-
  *An. peditaeniatus*    22                        27                        0.225
  *An. philippinensis*   29                        197                       62.442\*\*
  *An. sinensis*         41                        5                         14.086\*\*
  *An. tessellatus*      1                         1                         \-
  *An. umbrosus*         3                         0                         \-
  *An. vagus*            78                        390                       104.00\*\*
  Total                  1620                      2042                      

Collections were made over 14 nights in the wet season of 2006 and 14 nights in the dry season of 2007 in Hang Chuon village. Note χ^2^is a comparison of wet and dry season collections for each species where \* indicates significance at P \< 0.05 and \*\* a significance at P \< 0.001

Feeding behaviour
-----------------

The night feeding pattern for the common species coming to human and buffalo baits are shown in Tables [9](#T9){ref-type="table"} and [10](#T10){ref-type="table"} and human landing catches throughout the night are shown in Table [11](#T11){ref-type="table"} for the common species in Khe Ngang and Table [12](#T12){ref-type="table"} for those in Hang Chuon. Feeding patterns off humans and animals appeared similar for the same species. Some species - *An. sinensis*, *An. annularis*, *An. aconitus*, *An. philippinensis*, *An. nivipes*, and *An. vagus*- fed throughout the night commencing at sunset and rising to a peak at about midnight (11 pm-1 am) and then remaining high until just before dawn. While others - *An. maculatus*, *An. sawadwongporni, An. dirus*, and to some extent *An. harrisoni*, tended to seek a host early in the evening with human landing catches peaking between 6 pm - 9 pm. All mosquitoes left the vicinity of the animal bait immediately at first light (5.30 am - 5.45 am) and no human landing occurred after this time. In the collections off cattle and buffalo it was noted that anophelines rested before and after feeding on the vegetation surrounding these hosts.

###### 

Anopheline collections off human baits in Khe Ngang village during the wet seasons (September-October) of 2004 and 2005.

           Species collected landing on human bait                                    
  -------- ----------------------------------------- --- ---- --- --- --- --- --- --- ---
  6-7      4                                         1   0    0   1   0   1   0   1   1
  7-8      5                                         1   2    0   0   1   0   0   0   1
  8-9      2                                         0   3    1   1   0   0   0   0   0
  9-10     4                                         1   4    1   0   1   0   0   0   0
  10-11    9                                         1   7    0   1   0   0   0   0   0
  11-12    5                                         0   2    0   0   0   0   0   0   0
  12-1     8                                         0   2    2   0   0   0   2   0   1
  1-2      9                                         1   2    0   1   3   0   0   1   1
  2-3      5                                         1   3    1   0   2   0   0   0   0
  3-4      5                                         0   1    0   0   1   1   0   0   0
  4-5      1                                         0   0    1   0   1   0   0   0   0
  5-6      3                                         0   0    0   0   0   0   0   0   0
  Totals   60                                        6   26   6   4   9   2   2   2   4

Collections were conducted hourly from 6pm to 6am over 10 nights collections were made simultaneously with collections off buffalo bait see Table 10. Total number of specimens collected = 121; of the 60 *An. sinensis*collected all were *An. sinensis*.

###### 

Anopheline collections off buffalo baits in Khe Ngang village during the wet seasons (September-October) of 2004 and 2005.

           Species collected from buffalo bait                                                      
  -------- ------------------------------------- ----- ------ ----- ----- ---- ---- ---- ---- ----- -----
  6-7      108                                   6     19     10    4     4    0    4    6    6     1
  7-8      111                                   32    34     35    11    6    5    6    3    16    8
  8-9      137                                   16    44     32    28    8    3    5    2    6     7
  9-10     135                                   20    61     61    15    8    4    1    2    4     24
  10-11    148                                   27    135    50    12    3    3    4    3    18    9
  11-12    188                                   50    141    58    2     4    4    9    3    15    12
  12-1     183                                   34    140    66    13    4    3    6    2    9     11
  1-2      158                                   47    143    50    9     3    2    8    1    20    8
  2-3      199                                   46    120    39    13    2    2    3    0    15    7
  3-4      188                                   32    107    43    15    0    2    5    1    6     6
  4-5      218                                   28    157    44    32    2    2    7    1    7     13
  5-6      126                                   11    62     36    4     2    0    2    0    4     4
  Totals   1899                                  349   1163   524   158   46   30   60   24   126   110

Collections were conducted hourly from 6pm to 6am over 10 nights collections were made simultaneously with collections off human bait see Table 9. Total number of specimens collected = 4,489; of the 1,899 An. sinensis collected 1,852 were *An. sinensis*, 41 *An. peditaeniatus*and 6 *An. crawfordi*

###### 

Night landing pattern for six *Anopheles*species collected off human bait in Khe Ngang village in the wet seasons (September- October) of 2003-2004.

                                 Khe Ngang landing/person/hour   
  ---------------------- ------- ------------------------------- ------
  6-7                    27      0.46                            0.12
  7-8                    27      0.55                            0.23
  8-9                    27      0.55                            0.25
  9-10                   27      0.96                            0.37
  10-11                  27      1.7                             0.47
  11-12                  27      1.4                             0.19
  12-1                   27      1.2                             0.21
  1-2                    27      1.2                             0.30
  2-3                    27      1.2                             0.21
  3-4                    27      1.6                             0.14
  4-5                    27      1.1                             0.09
  5-6                    27      0.5                             0.10
  landing/person/night   12.42   2.68                            

###### 

Night landing pattern for six *Anopheles*species collected off human bait in Hang Chuon village in the wet seasons (September- October) of 2004-2005.

                                Hang Chuon landing/person/hour                  
  ---------------------- ------ -------------------------------- ------- ------ ------
  6-7                    27     0.115                            0.17    1.03   0.95
  7-8                    27     0.145                            0.13    0.42   0.63
  8-9                    27     0.20                             0.07    0.27   0.44
  9-10                   19     0.10                             0.04    0.18   0.38
  10-11                  19     0.15                             0.10    0.08   0.32
  11-12                  19     0.04                             0.040   0.03   0.26
  12-1                   14     0.12                             0       0.11   0.34
  1-2                    14     0.12                             0.09    0.20   0.21
  2-3                    14     0.13                             0.06    0.11   0.20
  3-4                    14     0.12                             0.04    0.09   0.32
  4-5                    14     0.03                             0.11    0.13   0.30
  5-6                    14     0.07                             0.11    0.41   0.43
  landing/person/night   1.29   0.93                             3.06    4.68   

Larval habitats
---------------

The preference for, and availability of, particular habitats can account for differences in the distribution, abundance, and seasonality of individual species. Table [13](#T13){ref-type="table"} lists the oviposition sites for the most common species in Khe Ngang and Hang Chuon. The main difference between these two villages, with regards to larval habitats, was the presence of rice fields around Khe Ngang and the greater extent of riparian habitat around Hang Chuon. In Truong Xuan Commune rice is planted in the wet season during October - November and harvested in May, but pools remain in rice fields long after harvest. *Anopheles sinensis*had a significant associated with rice growing (χ^2^= 22.5, P \< 0.001), which would explain its abundance around Khe Ngang. Rice fields are flooded in October but contain pools of water long after the rice is harvested in May, *An. sinensis*will use flooded rice fields but prefers the pools that were left post-harvest; thus *An. sinensis*can occur year round but was more common in the dry season than the wet season. *Anopheles harrisoni*, *An. maculatus*, and *An. sawadwongporni*all had a significant association with pools in stream and river beds (χ^2^\> 38.4, P \< 0.001) and were more abundant in Hang Chuon, which has a more extensive net work of rivers and streams. Dry season conditions seem to favour the abundance of *An. harrisoni*(Table [8](#T8){ref-type="table"}), of the 18 larval sites located for this species in Hang Chuon in the dry season of 2006 only one was found in the following wet season. However with *An. sawadwongporni*there appeared to be no correlation between seasonal abundance and the availability of larval habitats, this species was more prolific in the wet season but in 2006 nearly the same number of larval sites were found for this species in the dry season (n = 14) as in the wet season (n = 17). Of 42 larval habitats for *An. maculatus*and *An. sawadwongporni*located at Hang Chuon in 2006, both species co-habited in 13 sites. *Anopheles vagus*, a common and adaptable species, utilised a wide variety of ground pools and was found in all habitats. *Anopheles dirus*larvae were found in only one site - a small pool in a jungle stream - this collection was made in the dry season of 2004 but was not found there again at this site over the next three years.

###### 

Larval habitats for the common anopheline species collected in Khe Ngang and Hang Chuon during 2004 - 2007.

                             Larval habitat used (%)                           
  -------------------------- ------------------------- ----------- ----------- ----------
  *An. vagus*(42)            8 (19.1)                  26 (61.9)   6 (14.3)    2 (4.8)
  *An. sinensis*(40)         25 (62.5)                 12 (30.0)   1 (2.5)     2 (5.0)
  *An. maculatus*(31)        2 (6.4)                   3 (9.7)     25 (80.6)   1 (3.2)
  *An. sawadwongporni*(30)   0                         0           29 (96.7)   1 (3.3)
  *An. harrisoni*(23)        0                         1 (4.3)     21 (91.3)   1 (4.3)
  *An. annularis*(19)        7 (36.8)                  8 (42.0)    1 (5.3)     3 (15.8)
  *An. aconitus*(19)         6 (31.6)                  8 (42.0)    3 (15.8)    2 (10.5)
  *An. philippinensis*(15)   5 (33.3)                  5 (33.3)    0           5 (33.3)
  *An. barbirostris*(10)     2 (20.0)                  2 (20.0)    6 (60.0)    0
  *An. peditaeniatus*(7)     4 (57.1)                  3 (42.9)    0           0
  *An. kochi*(8)             7 (87.5)                  1 (12.5)    0           0
  *An. nivipes*(5)           2 (40.0)                  1 (20.0)    0           2 (40.0)
  *An. dirus*(1)             0                         0           1 (100)     0

Rice fields includes those flooded for cultivation and pools post-harvest, also included are associated pools used for regulating water in rice fields; ground pools includes buffalo wallows, borrow pits, natural depressions, fish ponds, and pools in drains; riparian habitat includes pools associated with rivers and streams, pools along the margins of rivers and streams, turbulence pits, pools in drying streams, rock pools; and flooded grassland includes water meadows inundated with water from irrigation runoff, flood water runoff, overflow from rivers and streams.

Vector status
-------------

Specimens of all the common species collected off human and animal baits were assayed for CS protein and the findings presented in Table [14](#T14){ref-type="table"}. Several species were found positive for CS protein; of these *An. sinensis*was the main malaria vector in Khe Ngang, where it was most common, while *An. harrisoni*, *An. maculatus*and *An. sawadwongporni*were the main vectors in Hang Chuon.

###### 

*Anopheles*species tested positive for circumsporozoite protein.

  ---------------------------------------------------------------------------------------------------------------------
  Species                No. tested   No. positive (SR)   Village      Collection method and malaria parasite species
  ---------------------- ------------ ------------------- ------------ ------------------------------------------------
  *An. sinensis*         1442         12 (0.01)           Khe Ngang    human bait: Pf × 4, Pv 247 × 2, Pv 210 × 1\
                                                                       animal bait: Pf × 1, Pv 247 × 3, Pv 210 × 1

  *An. harrisoni*        997          3 (0.003)           Hang Chuon   animal bait: Pf × 2\
                                                                       human bait: Pf × 1

  *An. maculatus*        1112         2 (0.002)           Hang Chuon   human bait: Pf × 1\
                                                                       animal bait: Pf × 1

  *An. sawadwongporni*   1120         1 (0.001)           Hang Chuon   human bait: Pf

  *An. aconitus*         1539         1 (0.0006)          Khe Ngang    human bait: Pf

  *An. peditaeniatus*    131          1 (0.008)           Khe Ngang    animal bait: Pv 247

  *An. philippinensis*   658          1 (0.002)           Khe Ngang    human bait: Pv 247

  *An. vagus*            586          0                                

  *An. annularis*        366          0                                

  *An. kochi*            136          0                                

  *An. dirus*            123          0                                

  *An. minimus*          14           0                                
  ---------------------------------------------------------------------------------------------------------------------

Where Pf = *Plasmodium falciparum*and Pv = *Plasmodium vivax*(210 and 247 variant); mosquitoes were collected over the period 2004-2007. Where SR = sporozoite rate.

Discussion
==========

In the Southeast Asian countries of Vietnam, Cambodia, Laos and Thailand the primary malaria vectors are *An. dirus*, *An. minimus*, *An. maculatus*, and *An. sawadwongporni*with the relative importance of each varying, depending on the ecology of the area where transmission is occurring \[[@B15]-[@B22]\]. Other species are occasionally incriminated: *An. aconitus*, *An. jeyporiensis*, *An. philippinensis*, *An. nivipes*, *An. barbirostris*, and members of the *An. hyrcanus*group \[[@B16],[@B19],[@B21],[@B22]\]. One feature common to all these species is that they are zoophilic and are found more often feeding on cattle and buffalo than on humans \[[@B19],[@B23],[@B24]\]; the only exception being *An. dirus*, which has consistently been shown to be an anthropophilic species and for this reason is the most dangerous vector of all the species mentioned above \[[@B16],[@B18],[@B19],[@B21],[@B25]\].

The low rate of malaria transmission found in the villages of Khe Ngang and Hang Chuon, two typical rural communities in north central Vietnam, was being maintained by a number of zoophilic species: *An. sinensis*, *An. harrisoni, An. maculatus, An. sawadwongporni*, *An. aconitus, An. peditaeniatus*, and *An. philippinensis*, This more or less reflects the findings of other workers in Southeast Asia \[[@B15],[@B17],[@B21],[@B22]\]. Though in this study *An. sinensis*was found to play a relatively major role in malaria transmission and *An. dirus*was not found positive for CS antigen, though this might reflect the paucity of this species in the study area.

In Thailand and Laos, *An. sinensis*and other members of the Hyrcanus Group do not appear to play a role in malaria transmission; there are only two published records of them being possible vectors \[[@B21],[@B25]\]. They are rarely recorded in large numbers \[[@B17],[@B21]-[@B23],[@B26],[@B27]\], only in one village in Khammouane Province, Laos (on the border with Quang Binh Province, Vietnam) were members of this Group abundant, making up 44.2% of the catch off animal baits and 21.4% in HLC \[[@B19]\]. The reason for the low densities of *An. sinensis*recorded in surveys conducted in Thailand and Laos is unknown; in this study in Truong Xuan Commune, *An. sinensis*was strongly associated with rice growing, an activity that is ubiquitous throughout Thailand and Laos. *Anopheles sinensis*is more common to the north east of Vietnam throughout China and the Korean Peninsula where it is a major vector of malaria (along with other members of the Hyrcanus Group) \[[@B27]-[@B29]\]. In most surveys where Hyrcanus specimens have been collected there has been no attempt to separate the members of the Group \[[@B16],[@B19],[@B21],[@B25]\]; this is due to major difficulties with the morphological identification of these species throughout their range in Southeast Asia and China \[[@B30],[@B31]\]. It has been suggested that there is too much variation in many of the characters commonly used to assign affinities between members of this Group \[[@B31]\]. Certainly in this survey there were issues with separating species, with seven members of the Group being identified by morphology but this being resolved to three following molecular analysis.

Members of the Minimus Complex - *An. minimus*and *An. harrisoni*- have been found in Vietnam, though only *An. minimus*has been incriminated as a vector \[[@B15]\]. *Anopheles minimus*is thought to occur throughout the country while *An. harrisoni*is confined to the north (north of Quang Binh Province) \[[@B32]\], however the distribution of these two species is not well understood because their separation has been based on unreliable morphological wing characters \[[@B33]\]. Using DNA based identification technology \[[@B9]\], *An. harrisoni*has recently been recognised as occurring in central Vietnam with an apparent shift in dominance from *An. minimus*to *An. harrisoni*though the numbers collected and processed were small \[[@B34]\]. In this study, conducted in Quang Binh Province, north-central Vietnam over the period 2003-2007, *An. harrisoni*was the dominant species, accounting for 98.2% (1009/1028) of the *An. minimus*s.l. collected whereas *An. minimus*made up only 1.8% (19/1028). This study also incriminates for the first time *An. harrisoni*as a vector of malaria in Vietnam though as mentioned above this is a zoophilic species and its role in transmission is opportunistic.

The persistence of *P. falciparum*throughout the year will require continual human vector contact to be maintained. This is possible in Truong Xuan Commune due to both wet and dry seasons providing favourable conditions for the various vector species. Of the four most important vectors - *An. sinensis, An. harrisoni, An. maculatus*and *An. sawadwongporni*- *An. sinensis*occurred throughout the year but appeared to be more common in the dry season, *An. harrisoni*was also more common in the dry season, whereas *An. sawadwongporni*was more common in the wet season and *An. maculatus*was found throughout the year.

While important in the local context of malaria transmission in Truong Xuan Commune none of the species reported on here appear to be efficient vectors as indicated by the overall low malaria transmission rates and low sporozoite rates. The main reason being the zoophilic behaviour of these species of mosquitoes. The close temporal association of cattle and buffalo to human habitation was not for any intended zooprophylactic purpose but simply for security and ownership. Not all households possessed cattle or buffalo and if far enough removed from these blood sources most of the anopheline species recorded here would readily feed on humans as indicated by the HLC for *An. sinensis*, *An. aconitus*, *An. dirus*, *An. maculatus*, *An. sawadwongporni*, and *An. harrisoni*. In Pakistan, where the main malaria vectors show zoophilic tendencies and cattle are kept close to houses, the inhabitants of such households appear to be at a higher risk from malaria infections as opposed to households without cattle \[[@B35]\]. This is due to cattle attracting larger numbers of mosquitoes into the household area and thus increasing human vector contact. This does not appear to be the case in Vietnam, in this study paired collections off buffalo and humans separated by only 15 m buffalo attracted 97.4% (4489/4610) of the anophelines collected and only 2.6% (121/4610) were diverted to humans (Tables [9](#T9){ref-type="table"} and [10](#T10){ref-type="table"}). Thus, while unintended, cattle and buffalo in Khe Ngang and Hang Chuon do play a zooprophylactic role.

Two behavioral characteristics were observed in the anophelines in Truong Xuan Commune that will reduce the impact of a malaria control strategies involving indoor residual spraying (IRS) and the use of long lasting insecticidal nets (LLIN). The early night feeding (6 pm - 9 pm) of *An. maculatus*, *An. sawadwongporni*, *An. dirus*, and *An. harrisoni*will allow avoidance of the insecticide through outdoor biting as village people are still active outdoors at these times and even if indoors prior to 9 pm are not likely to be protected by a bed net. Similar early night feeding behaviour of these species has been noted in other parts of their range \[[@B22],[@B23],[@B36],[@B37]\]. In Thailand there is evidence that these four species all show a pronounced excito-repellency response to DDT and pyrethroids \[[@B38],[@B39]\]. While a shift to early night biting may be a way of allowing these species obtaining a blood meal outdoors and thus avoiding the insecticide treated surfaces. However these species, with the exception of *An. dirus*, are essentially zoophilic and would be under little if any insecticidal pressure to change their behaviour. The second and more important issue is the large uncontrolled zoophilic component of the anopheline fauna that will enable anopheline numbers to remain high and at the same time provide sufficient numbers for the occasional feeding on humans to maintain malaria transmission. This zoophilic component will be unaffected by the use of IRS and LLIN. As the anopheline species collected from cattle and buffalo baits were found to rest on vegetation before and after feeding a possible control strategy would be the use of pyrethroids as a barrier spray on the vegetation directly surrounding the cattle and buffalo. Barrier spraying of vegetation has been used in various situations against a number of pest and vector species \[[@B40]-[@B42]\]. In Khe Ngang there are 48 houses and in Hang Chuon 26, but in Khe Ngang and Hang Chuon there are only four and five locations respectively where cattle and buffalo are kept at night. The area around the buffalo is approximately 4 m × 5 m; the area around the cattle varies with the number of cattle but the largest no bigger than 5 m × 10 m. The advantage of using barrier spraying in these villages in Truong Xuan is that mosquitoes are attracted and concentrated into a small area around the penned or tethered animals so only a small defined area would need to be sprayed and these are considerable less than the number of houses requiring spraying using conventional IRS. This would allow for multiple applications over a year to compensate for the poor residual effect of these insecticides applied in this manner \[[@B42],[@B43]\]. This method of insecticide application would be more effective than the current permethrin IRS.

Conclusion
==========

In the rural areas of Quang Binh Province, north central Vietnam, where the forest has been largely cleared for agriculture and the primary malaria vector *An. dirus*is uncommon, malaria transmission was still maintained throughout the year by a number of secondary vectors - *An. sinensis*, *An. harrisoni, An. maculatus, An. sawadwongporni*, *An. aconitus, An. peditaeniatus*, and *An. philippinensis*. In this study the use of DNA-based identification methods made it possible to accurately incriminate the vector species and to assign relevant transmission parameters such as, larval ecology, biting behaviour, host preference, and seasonal abundance patterns to the appropriate species. The vector species were all predominantly zoophilic and were not particularly effective vectors, their differing preferences for oviposition sites over the year allowed for low level but persistent year round malaria transmission. The attractiveness of cattle and buffalo for these mosquitoes tends to concentrate mosquitoes into small and well defined areas within the village and as the host seeking mosquitoes rest on vegetation, in the immediate vicinity of the animal host both before and after feeding, there is an opportunity to implement barrier spraying. This may have a greater impact on anopheline densities and species longevity than the currently used control methods of IRS and LLIN.
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